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Abstract 
Numerical Simulation of Electric Field Assisted Sintering 
Brandon McWilliams 
Antonios Zavaliangos, Ph.D. 
 
 
 
 
A fully coupled thermal-electric-sintering finite element model was developed and 
implemented to explore electric field assisted sintering techniques (FAST).  FAST is a 
single step processing operation for producing bulk materials from powders, in which the 
powder is heated by the application of electric current under pressure.  This process 
differs from other powder processing techniques such as hot isostatic pressing (HIP) and 
traditional press and sinter operations where the powder or compact is heated externally, 
in that the powder is heated directly as a result of internal Joule heating (for conductive 
powders) and/or by direct conduction from the die and punches.  The overall result is 
much more efficient heating which allows heating rates of >1000oC/min to be achieved 
which is desirable for sintering bulk nanocrystalline and other novel high performance 
materials.  Previous modeling efforts on FAST have only considered the thermal-electric 
aspect of the problem and have neglected densification.  In addition to the introduction of 
a sintering model, a detailed thermal-electric study of process parameters was carried out 
in order to identify key system variables and quantify their effect on the overall system 
response and subsequent thermal history of a consolidated sample.  This analysis was 
compared to empirical data from a parallel experimental study and shown to satisfactorily 
predict the observed trends.  This model was then integrated with a phenomenologically 
based sintering model to capture the densification of the sample.  This fully coupled 
model was used to predict densification kinetics under FAST like conditions and examine 
  
xvi
the evolution of material properties as the sample transitions from a loose powder to a 
fully dense compact and the resulting effect on the electrical and thermal fields within the 
compact.  This model was also used to explore the effect of non-uniform thermal, 
electrical, stress, and density fields on the final geometry and local microstructure of 
cylindrical and non-cylindrical compacts.  It was found that the fully coupled model 
offers a significant improvement in model predictions over thermal-electric only models.  
The model developed through this work provides a valuable design and optimization tool 
for FAST type processing.  
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CHAPTER 1: INTRODUCTION 
 
 
1.1 Motivation 
 
Electric field activated sintering techniques (FAST) have been garnering attention as a 
novel method of consolidating a variety of powders to high density in near net shapes.  
The main intrinsic benefit of this technique is the ability to achieve very high heating 
rates (>1000oC/min [3]) which has technological advantages of being able to produce 
quality parts in a single step operation, with reduced overall cycle times and can 
eliminate the need for sintering aids [3].  Additionally, the high heating rates has 
implications in the minimization of grain growth which is crucial to the development of 
bulk nanocrystalline materials.  In conductive powders, Joule heating may be localized, 
causing the evolution of temperature within the powder to be highly dependent upon 
local properties and variations in density.  Coupled with the fact that the powder is not 
pressed prior to sintering, a situation arises where the sample will be nearly insulating at 
the beginning of the process and transition to conductive as conductive paths percolate as 
the relative density increases [4].  This dramatic variation in properties can have a 
profound effect on the local temperature history and resulting final 
properties/performance of the part [4]. 
 
Contrary to the hundreds of experimental results published using FAST within the past 
decade, there exists a huge disparity in the number of numerical/modeling papers being 
published.  As a result, a rift has grown between the body of empirical experience and 
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basic theoretical understanding as use of this process has increased.  Despite some 
encouraging successes to date, any real attempts to push the state-of-the-art of the 
technique will require advanced modeling tools to glean fundamental knowledge of the 
phenomena active in the process, as well as to further design and optimization efforts.   
 
The motivation of this work is to improve upon the limited existing numerical 
descriptions of electric field assisted sintering, as well as to develop and implement a 
novel model that encompasses the thermal, electrical, and sintering (densification) 
physics that dictate the multi-phenomenal nature of this process.  This new model will 
serve to broaden the fundamental knowledge base of FAST type processes, as well as 
provide an advanced design and optimization tool that is needed to facilitate commercial 
scale up efforts.  These efforts will assist in providing the level of control and 
performance required for the processing of new classes of advanced materials including 
novel composites, and nanocrystalline solids.  
 
1.2 Background 
 
The typical route for production of bulk materials from powders usually involves a 
pressing operation to achieve a high enough relative or “green” density such that the 
compact has sufficient mechanical strength to tolerate handling during subsequent 
processing steps.  The pressing operation is usually followed by a heat treatment in which 
the compact is sintered1 towards full density.  In the sintering stage the compact is almost 
                                                 
1 Sintering is defined as the process by which a powder compact is transformed into a dense body upon 
heating. 
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always heated in a furnace in which heat is only transferred to the compact via radiation 
and convection (in the absence of vacuum).  Conventional press and sinter techniques 
include hot pressing (HP), hot isostatic pressing (HIP), cold pressing (CP), cold isostatic 
pressing (CIP), etc [5]. 
 
Electric field assisted sintering differs from these traditional techniques in that the 
powder is heated internally, through Joule heating from the direct application of electric 
current in the case of a conducting sample, or through conduction from the die and 
punches.  This is achieved by applying a direct current (which can be pulsed) to the 
powder sample, which is under pressure in a conducting toolset (dies and punches are 
typically made of graphite).  A schematic of the process is presented in Figure 1.1. 
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Graphite 
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Figure 1.1 Schematic of typical field assisted sintering setup (shown without optional vacuum 
chamber). 
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1.2.1 FAST - experimental background 
 
The concept of applying an electric current to sinter metal powders was first used in the 
1930’s by Taylor to aid in hot pressing of cemented carbides [6].  In the following years 
work in the field appeared sporadically and interest waned.  This interest was renewed 
with the arrival of the first commercially available spark plasma sintering machine 
produced in Japan by Sumitomo Heavy Industries in the early 1990’s, based on earlier 
work by Inoue [7].  In the mid nineties papers began coming out of Japan [8, 9] with 
claims of greatly reduced sintering times at similar if not lower temperatures than other 
processing techniques being used.  Processes using this methodology are referred to in 
the literature under various monikers such as field activated sintering techniques (FAST) 
[3], spark plasma sintering (SPS), pulsed electric current sintering (PECS), plasma 
assisted sintering (PAS), and plasma pressure compaction (P2C) [10].  Later 
experimental observations, such as those made by Tomino [11] who observed a 
temperature difference between specimen center and die surface of ~200°C for copper 
and ~110 °C for alumina, brought into question the notion of reduced sintering 
temperatures with FAST.  Zhang et al [12] again showed a temperature variance within a 
sample of aluminum hydroxide and also showed that these gradients can be reduced by 
using graphite foil between the punches and die, which indirectly shows the importance 
of contact resistances within the system.  Zhou et al [13] showed an effect of heating rate 
of grain growth of alumina (Al2O3), which highlights that many parameters contribute to 
the overall thermal and electrical fields that dictate the actual local sintering conditions 
seen by the compact. 
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The central claim to the success of the technique was that the potential drop across 
particles results in plasma generation (sparking) that cleans the surfaces of oxides and 
impurities and “activates” sintering [8, 9].  These claims spurred great interest in the 
technique and since then hundreds of papers have emerged with almost exclusively 
experimental results.  However, since that time there has been debate over whether 
micro-sparks are in fact present during FAST [14-16], and the exact mechanisms by 
which sintering is “enhanced” remain in question.  It has been observed that there is an 
effect of electric current on the plasticity of metals [17].  It is believed that electric 
current generates and “electron wind” effect that enhances diffusion and dislocation 
motion.  Conrad [18] explored the effect of electric current (including pulsing) on the 
flow stress and tensile strain in detail for several metals and ceramics.  This work showed 
a large effect of electric current on plastic strain in metal with electric current densities of 
103-106 A/cm2, and field strengths of 100-300 V/cm were enough to substantially reduce 
the flow stress of fine grained oxides.  For FAST processing 103-106 A/cm2, is a 
reasonable current density, however 100-300 V/cm is much higher than the fields 
typically experienced by the compact (<< 100 V/m [14]).  Therefore it is plausible that an 
electric current effect may contribute to metal plasticity and an overall enhancement in 
densification kinetics (of metals), but the effect on sintering kinetics still remains 
questionable. 
 
In fact, little attention has been paid to understanding this enhancement effect of FAST 
on sintering kinetics; however several relevant papers have been published.  One study 
[19] showed direct evidence of sparks between large (0.55 mm) copper spheres and the 
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correlation between neck formation and localized melting/vaporization.  In this case 
sparking was more likely at low pressures and under high current densities.  Additionally, 
Anselmi-Tamburini et al [20, 21]
．．．．．．．
 have studied both the effect of pulsed DC current and 
the presence of current on the solid state reactivity of silicon (Si) and molybdenum (Mo) 
layers.  Their work showed no noticeable effect of pulsed current but there was an 
enhancement in reactivity kinetics in the presence of current.  To date there have not been 
any systematic studies published of the effect of pulsing or current on sintering. 
 
Although the exact mechanisms are still poorly understood, the advantages of electric 
field assisted sintering have been exploited to a large degree of success in some novel 
applications and in sintering many classes of high performance materials with unique 
properties.  A selected list of examples include consolidation of high performance 
ceramics [22, 23], sintering of pure tungsten without the use of additives , reactive 
sintering [24, 25], consolidation of hydroxyapatite for biomedical applications [26], and 
even low pressure conversion of carbon nanotubes into diamond phase [27].  In addition 
FAST has shown promise as a method of consolidating nanopowders and has been used 
to sinter a variety of nanopowders including tungsten, tantalum, nickel, and iron [10, 28-
30]. 
 
1.2.2 FAST - modeling background 
 
In contrast to the extensive experimental research aimed to exploit this technology in the 
past decade, few efforts have been made to gain a fundamental understanding of the 
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process and investigate the underlying phenomena that contribute to the enhanced 
kinetics of FAST over traditional sintering techniques.  While numerical analysis had 
been conducted on the microscale [31, 32] in the 1970’s it was not until much more 
recently that models specific to FAST type processes began to appear.  Fessler explored 
electroconsolidation using an uncoupled approach and assumed electrical properties were 
independent of temperature [33].  Yucheng and Zhengi [34] used analytical solutions of 
the one-dimensional Fourier equation to calculate temperature differences in the die and 
sample.  Matsugi et al [35, 36] used the finite difference method (FDM) to perform a 
thermal-electric analysis of the punch and die along with the compact (Ti and Al2O3).  
This work showed temperature and electrical distribution were dependent on conductivity 
of the compact.  However, this model was limited to steady-state temperature analysis 
under the application of a constant current.  Zhang and Zavaliangos were the first to 
develop a thermal-electric finite element model (FEM) of the entire system [2, 15].  This 
modeling work was important in several regards.  By predicting the thermal and electrical 
distributions within the system, they were able to clearly show (and verified 
experimentally) that a sizable gradient exists between the die surface and the sample 
center.  In confirming that the temperature at the center of the compact is usually higher 
than the die surface, these results clearly challenged the assertions of many experimental 
papers in which it was claimed that it was possible to sinter materials at lower 
temperatures than by other techniques.  This modeling work also showed that the 
conductivity of the sample plays a large role in the thermal and electrical distributions in 
the system by comparing results between graphite and alumina (Al2O3).  Vanmeensel et 
al [37] later used a similar thermal-electric FEM approach to further demonstrate the 
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effect of sample conductivity by showing the difference in thermal and electric field 
distributions between titanium nitride (TiN) a conductor, and zirconia (ZrO2) an 
insulator.  They also proposed a novel process control scheme in which they focused a 
pyrometer through a bore-hole in the punch to measure temperature closer to the 
specimen.  The importance of sample properties was again reported by Anselmi-
Tamburini et al [38] who used a thermal-electric finite volume approach, along with 
multiple experimental temperature measurements (thermocouple embedded in punch and 
die surface pyrometer) to explore thermal and electrical gradients for copper (Cu) and 
alumina (Al2O3) samples.  It was also shown in this work that the position of the punches 
within the die contributes to temperature and property gradients. 
 
Much like the experimental trends, FAST modeling work so far has made a little progress 
towards the understanding of the enhancement of sintering and the potential for plasma 
generation.  The work of Zavaliangos et al [15] addressed this issue and the voltage 
predictions showed that the local field densities are at least several orders of magnitude 
below the estimated 106-108 V m-1 required to generate a spark [14, 39].  Olevsky 
recently proposed a constitutive model that includes electromigration as a contributor to 
mass transfer during electric field assisted sintering [40].  In this work he claims that 
electromigration significantly alters the kinetics of sintering but only considers grain 
boundary diffusion and power law creep densification mechanisms.  There are also some 
seemingly ad-hoc assumptions made about current flow near and around pores in the 
solid matrix which clouds the validity of the models results.  However, this work is 
supported by the findings of Munir and co-workers who experimentally demonstrated an 
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effect of electric current on the kinetics in solid state sintering of Si and Mo [20, 21].    
They did fail to find any observable effect of current pulsing on the reaction kinetics. 
 
Models to date have shown consistently qualitative trends when considering both 
conducting and insulating materials.  However accurate quantitative results have not been 
published.  One of the major assumptions most FAST models to date have made is to 
only consider thermal-electric phenomena and neglect the sintering/densification part of 
the problem.  Zhang included punch motion in his work [2], but it was stepwise to update 
displacement and material properties (uniformly) but did not include stress or sintering 
analysis to account for actual microstructure changes.  Wang et al [41] recently published 
results of a coupled thermal-electric-stress finite element analysis which was the first to 
predict temperature, current, and stress fields in copper and alumina samples.  This model 
again assumes constant material properties and does not account for densification and 
was mainly concerned with predicting stresses in the punches. 
 
1.3 Critical needs 
 
As shown through modeling efforts [15, 37, 38, 42] conductivity of the compact plays a 
large role in the distribution of thermal and electrical fields in a FAST system.  However, 
for a conducting material, during the course of sintering the material properties of the 
compact evolve from insulating in nature as it transitions from a loose aggregation of 
particles to a conductor as a solid body.   This is reflected in the thermal and electrical 
conductivities as well as the mechanical properties of the compact.  Gonzo has 
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summarized some comparisons between experimental data and modeling results for the 
effective thermal conductivity of a variety of materials as a function of relative density 
[43].  This evolution of properties is of great importance for FAST (and other sintering 
processes) as the conductivity of the compact plays a large role in the distribution of 
current and temperature in the system.  The thermal conductivity can vary by more than 
an order of magnitude [1] over the range of densities experienced by a particulate 
material being processed.  Figure 1.2 shows experimental results published by Montes 
that illustrate the density dependence of thermal and electrical conductivity.  This 
indicates that even a conductive material can behave as an insulating material at the 
beginning of sintering as heat and/or current can only be transmitted by discrete paths, 
and transition to a conductive material over the course of sintering [2] (Figure 1.3).  The 
density within the compact may also vary due to prior compaction, adding another source 
of non uniformity of the thermal and electrical conductivities.  This is of great importance 
from a process design standpoint.  These issues will be especially pertinent to scaling up 
efforts in order to make larger and more complex (net shape) compacts in which 
uniformity of properties and tolerances need to be satisfied within design parameters, 
which also can be exaggerated by larger, difficult to eliminate, thermal gradients. 
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Figure 1.2. Variation of a relative thermal and b electrical conductivity with relative porosity of 
sintered compacts [1]. 
 
 
While the models of electric field assisted sintering discussed in section 1.2.2 do a 
reasonable job of predicting the general trend and nature of the thermal and electrical 
distributions within the system and compact, they fail to consider the salient feature of 
the process: densification of the material and the subsequent role this plays in the 
evolution of thermal-electrical gradients within the system as the material properties 
change.  Thermal, electrical, and sintering (densification) phenomena are all very closely 
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coupled.  At the particle level or microscale (Figure 1.4), the coupling of these 
phenomena is mainly related to mass, thermal, and electrical transport between atoms.  
The electrical properties are a strong function of local temperature, and likewise the 
electrical properties determine the temperature that results from Joule heating.  
Temperature is required for the activation of diffusion which is the driving force for 
sintering.  As discussed, electrical current can also contribute to mass transport.  
Furthermore, both thermal and electrical properties have a strong dependence on density.  
This coupling on the microscale manifests as thermal-electrical-sintering coupling on the 
macro scale (Figure 1.5).  Variances in thermal and electrical fields will result in 
fluctuations in the overall heating of the system.  Densification will lead to shrinkage of 
the sample which will effect contact areas and contact resistances which also contribute 
to the distribution of thermal and electrical fields.  Most importantly, density variations 
will have a direct effect on the macroscopic distribution of electrical and thermal fluxes 
throughout the sample.  The density within the compact may also vary due to prior 
compaction or die filling operations, adding another source of non uniformity of the 
thermal and electrical conductivities.   
 
To this end, it is critically important to have a complete model that fully accounts for the 
coupling of thermal, electrical, and sintering phenomena.  Predicting thermal and 
electrical distributions should allow a higher level of process control that gives designers 
the ability to have more insight into final part geometry and uniformity.  In addition to 
the direct effect of material properties on the distribution of thermal and electrical fields, 
densification of the material also has implications on the contact resistances in the system 
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as the relative contact areas between the punch/die and compact/die change with 
shrinkage of the sample.  Furthermore, previously published results consider cylindrical 
compacts for which these assumptions would be least manifested as applied stresses will 
be uniform.  As the process is scaled up to larger and/or more complex parts 
thermoelectric gradients with be exaggerated which requires understanding from a 
modeling perspective to account for interactions with non-uniform applied stresses. 
 
1.4 Goals of this work 
 
The primary goal of the proposed research program is to develop a unified model for 
electric field assisted sintering techniques that incorporates and couples thermal, 
electrical, and sintering phenomena.  Emphasis will be placed on understanding the 
fundamental phenomena that leads to enhanced sintering kinetics of powders when under 
an applied electric field.  The specific goals of this study are outlined below: 
 
• A finite element thermal-electric modeling framework is proposed and 
implemented in the commercial code ABAQUS for modeling of FAST.  Model 
details along with experimental calibration are covered in Chapter 2. 
•  A study is conducted which experimentally confirms the pressure dependence of 
the contact resistance within the system, and provides validation for the thermal-
electric model. 
• A parametric study of the tooling geometry is conducted using the thermal-
electric model to explore the role of thermoelectric distributions in a FAST 
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system.  It is shown that the length of the punches plays a critical role in the 
development of maximum transient temperatures which can lead to mechanical 
degradation (creep) of the graphite punches. 
• A sintering model is integrated into the established thermal-electric finite element 
framework in Chapter 3.  This fully coupled model is needed in order to 
accurately account for changes in material properties due to densification during 
sintering.  There has been recent success in implementing a sintering model into 
existing FEM codes vie integration of user defined constitutive models to predict 
shrinkage and final shape distortions [44-47].  This approach is used to 
incorporate a phenomenological constitutive model for sintering into the existing 
thermal-electrical finite element model of the FAST process.  This model allows 
predictions of internal stresses, final density distributions, final part geometry, and 
more quantitative predictions of the resulting thermoelectric gradients in the 
system.  This model will be a considerable improvement over current models and 
can be used as an advanced design tool to optimize the FAST process with respect 
to densification kinetics for greater control of sample temperature and scale up to 
larger and more complex parts where stresses will be heterogeneous within the 
compact. 
• Chapter 4 presents a case study using the thermal-electric sintering model to 
explore densification kinetics and thermoelectric phenomena in a FAST system 
with a cylindrical and a geometrically non uniform compact to explore the effect 
of uniform and non-uniform stresses. 
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• The conclusions of this work along with suggestions for future research are 
summarized in Chapter 5. 
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Figure 1.3 Evolution of normalized heat flux (normalized by heat flux of the fully dense case) during 
the densification of a powder compact [2].  The heat (or electrical current) is forced to flow along 
discrete paths or “chains” at lower densities when the number of contacts is fewer and becomes more 
uniform as density increases. 
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Figure 1.4 Schematic of the coupling of thermal, electrical, and sintering phenomena taking place on 
the microscale (particle level) during electric field assisted sintering. 
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Figure 1.5 Schematic of the coupling of thermal, electrical, and sintering phenomena taking place on 
the macroscale (system level) during electric field assisted sintering. 
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CHAPTER 2: COUPLED THERMAL-ELECTRIC MODELING FRAMEWORK 
 
2.1 Introduction 
 
The ultimate goal of this dissertation is the development of a fully coupled thermal-
electric-sintering model, the foundation of which is a thermal-electric finite element 
(FEM) methodology first developed by Zavaliangos and Zhang [2, 15].  Since thermal, 
electrical, and sintering phenomena are closely coupled in this process it is therefore 
important that careful attention is paid to having a solid thermal-electric model to build 
from.  This chapter addresses the set-up of the thermal-electric portion of the model as 
well as an exploration of the effect of system parameters on distributions of thermal and 
electrical gradients in electric field assisted sintering.  Specifically, a detailed description 
of model contact resistance calibration via experiments is presented along with a study of 
the effect of applied pressure on contact resistance and resulting thermal-electric 
gradients.  A numerical parametric study of the effect of tooling (punch and die) 
dimensions on the distribution of thermal and electrical gradients was carried out using 
the calibrated finite element model.  Additionally a parallel experimental study of the role 
of punch length was conducted to provide validation of the numerical results.   
 
2.1.1 Contact resistance 
 
Contact resistance is caused by imperfect interfaces and surface impurities between 
contacting surfaces due to surface roughness and asperities on the surfaces [48].  At 
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contacts, heat and electrical current flow through discrete contact points rather than the 
entire surface which results in an increase in the thermal and electrical resistance at the 
contact.  Many factors affect the contact resistance including geometry of the contacts, 
material properties, and pressure.  Zavaliangos et al were the first to study and highlight 
the important role contact resistances play in electric field assisted sintering and proposed 
a calibration method to accurately account for them in modeling efforts [15].  This 
method is presently adopted for the calibration of the current model.  
 
2.2 Experimental procedures 
 
All experiments in this work were conducted using the Plasma Pressure Compaction 
(P2C) machine produced by Materials Modification Inc. (MMI, Fairfax, VA), currently 
owned and operated by the Army Research Laboratories (ARL, Aberdeen, MD).  This 
machine has capability of supplying 5000A and a maximum of 10V.  A schematic of this 
set up is shown in Figure 1.1.  The set up consists of two (2) water cooled copper 
electrodes, four (4) graphite spacers, and graphite punches and die.  Dimensions of 
individual components are presented in Table 2.1.  Punches and spacers were made from 
Poco AXF-5Q grade graphite and the die was made from Poco ZXF-5Q (Poco Graphite 
Decatur, TX).  Three sets of experiments were conducted using this set-up: i) contact 
resistance calibration experiments, ii) a study examining the effect of applied pressure on 
contact resistance, and iii) a validation study looking at the role of punch length on 
thermal-electric phenomena. 
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2.2.1 Contact resistance calibration experiments 
 
Contact resistance calibration was conducted using the method proposed by Zhang [2].  
In this method a series of experiments of increasing complexity are performed to isolate 
individual contacts within the system.   The main contact resistances within the system 
can be grouped into “horizontal” and “vertical” contact resistances.  The horizontal 
contact resistances consist of: contact between the electrode (copper in this instance) and 
the spacer (graphite), contact between graphite spacers, contact between graphite spacer 
and graphite punch, and lastly contact between the punch and the compact.  Note there 
are two resistances for each contact pair since the system is vertically symmetric.  The 
vertical contact resistances consist of: contact between the punch and die, and contact 
between the compact and the die.  In order to effectively model the FAST process it is 
necessary to calibrate the model for these resistances.   
 
A series of three (3) experiments are run as depicted schematically in Figure 2.1.  All 
three runs were conducted with an applied pressure of 32 MPa (based on punch cross 
sectional area) and the punch(s) used had a height of 21.59 mm (0.85”) and a diameter of 
25.4 mm (1”).  In all experiments the current was controlled manually, and increased in 
steps at a rate of ~100 A/min.  The first experiment run is a test with only a single punch 
(referred hereafter as “single punch test”).  In this experiment the voltage drop was 
recorded across the entire system via the control panel (which includes power supply 
contact to the electrodes), and across the copper electrodes with a probe whose electrodes 
were affixed to the copper platens/electrodes with conductive graphite tape.  Whereas 
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Zhang [2] only had voltage measurements across the entire system, additional single 
punch runs were made with the electrodes of the voltage probe placed directly across  the 
copper platen – spacer, spacer – spacer, and spacer – punch contacts to obtain more 
accurate contact resistance measurements.  The temperature was measured at a spot 
vertically centered on the punch surface with a thermocouple (Figure 2.1a). 
 
The next experiment builds upon the single punch experiment by adding the second 
punch and will be referred to as the double punch experiment.  This test serves to 
calibrate for punch-punch electrical contact resistance, as well as to further test the 
calibration of the single punch experiment.  In this experiment the voltage drop was 
recorded across the copper electrodes with a probe whose electrodes were affixed to the 
copper platens/electrodes with conductive graphite tape.  The voltage drop across the 
punch-punch interface was also measured using electrodes affixed to the punch surfaces.  
The temperature was measured at a spot vertically centered on the lower punch surface 
with a thermocouple (Figure 2.1b). 
 
In the third experiment, the test is run with both punches and the die but without a 
compact.  This test will be referred to as the “dummy” run.  This experiment is used to 
calibrate for vertical electrical and thermal contact resistances between the punches and 
die.  By calibrating for the horizontal contact resistance via the prior experiments, the 
difference in experimentally observed resistance and that predicted by the model is due to 
the vertical electrical contact resistance.  Likewise, the difference between the 
experimentally observed temperature of the die surface and the simulation prediction 
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should be due to thermal contact resistance at the punch-die interface.  In this experiment 
the voltage drop was recorded across the copper electrodes with a probe whose electrodes 
were affixed to the copper platens/electrodes with conductive graphite tape.  The 
temperature was measured at a spot vertically centered on the die surface with a 
thermocouple and via an optical pyrometer at temperatures above 600oC (Figure 2.1c). 
 
2.2.2 Pressure dependence of contact resistance 
 
In order to explore further the effect of contact resistance on the thermal and electrical 
distributions in the FAST process, a repeat of the three experiments described in section 
2.2.1 was repeated with the applied pressure reduced from 32 MPa to 15 MPa (based on 
punch cross sectional area). 
 
2.2.3 Punch length experiments  
 
An experimental study was conducted using the same P2C set-up as above in order to: i) 
provide experimental validation to the calibrated model, and ii) demonstrate the utility of 
the coupled thermal-electric model as a tool for design and optimization of FAST type 
processes. 
 
For this study, two sets of punches were used with lengths of 21.59 mm (0.85”), and 
30.48 mm (1.2”).  All punches had diameter of 25.4 mm (1”).  Tungsten samples were 
pre-consolidated under vacuum in order to remove any effect of densification on the 
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properties of the sample.  Approximately 80g of -325 mesh tungsten powder (Johnson 
Matthey) was placed in the die and cold pressed at 27MPa.  The punches were removed 
and the powder/die assembly was reduced in flowing hydrogen at 850oC for 2 hours prior 
to the pre-consolidation run.  After pre-consolidation the samples had an average final 
relative density of 0.85 and a sample height of 9 mm.  The specimen was then left in 
place, and the entire punch/die/specimen assembly was used for the model validation 
experiments.  A small hole was machined through the die into the center of the sample in 
order to place a thermocouple for measuring temperature at the center of the sample.  A 
schematic of the experimental set up and locations of temperature measurements is 
shown in Figure 2.2. 
 
The validation experiments consisted of manually applying a stairway (~200A/min, 
Figure 2.3) DC electric current profile to the system such that the sample was heated to 
~2000oC.  A constant pressure of 32 MPa was applied throughout the run.  The 
temperature was recorded using thermocouples on the upper punch surface, on the die 
surface, and inside the sample center, and via pyrometer on the die surface at 
temperatures on the die surface greater than 600oC.  The voltage was recorded across the 
copper electrodes. 
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Table 2.1 Geometry of system components for calibration experiments.  Note that electrodes are 
rectangular; all other components are cylindrical. 
Component L xW (mm) Height (mm)
Upper copper electrode 152x152 76.2
Lower copper electrode 305x305 76.2
Diameter (mm) Height (mm)
Graphite spacers 95.25 12.7
Punch 25.4 21.59
Die (outer diameter) 50.8 38.1
Geometry of system components
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Figure 2.1 Schematic of contact resistance calibration experiments.  Small dot indicates location of 
temperature measurements. 
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Figure 2.2 Schematic of experimental set-up for punch length validation study showing locations of 
temperature measurements (drawing not to scale). 
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Figure 2.3 Applied DC current profile for punch length validation study. 
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2.3 Model set up 
 
A fully coupled thermal-electrical model of the entire FAST system was implemented in 
the commercial finite element software package ABAQUS.  This model considers 
conduction, convection, and radiation heat transfer mechanisms.  In general, the transient 
heat transfer is given by the well known energy balance equation: 
                  dSqqqqdVqdVkdV
tC ecrconvcSeVVpV
)()(
....∫+∫+∇∇∫=∂
∂∫ θθρ                     
(2.1) 
where V (m3) is any control volume enclosed by a surface S (m2); ρ (kg/m3), Cp (J/kg K), 
θ (K), k (W/mK), and t (s) are density, specific heat, temperature, thermal conductivity, 
and time respectively.  For our problem heat is generated throughout the volume V by 
Joule heating represented by (W/m3).  The surface heat fluxes (W/m2) correspond to heat 
conduction from neighboring volumes, heat transfer by convection, heat transfer by 
radiation, and interfacial heating effects.  The rate of internal heat generation per unit 
volume due to Joule heating is given by [49]: 
                                              )()()()(
. ϕσϕϕσϕ ∇∇=−∇−∇=eq                                  (2.2) 
where σ (Ω−1m−1) is the electrical conductivity and φ is the electric potential.  The P2C 
machine used for the validation experiments did not have vacuum capabilities, so 
convection at the surface, as well as radiation to the environment and radiation between 
surfaces of system components needs to be considered and are applied as boundary heat 
fluxes at the relevant surfaces.  Heat flux due to radiation is given by: 
                                                   rq
.
= σsε[(θ1)4 – (θ2)4]                                                   (2.3) 
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where σs is the Stefan-Boltzmann constant, ε is emissivity, θ1 is the temperature of the 
emitting surface, and θ2 is the temperature of the absorbing surface in the case of cavity 
radiation or the temperature of the environment in the case of radiation to the 
surroundings.  The emissivity of the graphite in the present simulations was assumed to 
be 0.8. 
 
Heat flux from convection is given by: 
                                                         convq
.
= h(θs - θe)                                                     (2.4) 
where h is the convection coefficient, θs is the temperature of the surface, and θe is the 
temperature of the environment. Convection coefficients were calculated using  the 
following approximations given in equations 2.5-9 [50]: 
                                                              
L
kNuh L=                                                         (2.5) 
where k is the thermal conductivity of air, L is the characteristic length of the surface, and 
NuL is the Nusselt number given by the following empirical correlation for a vertical 
cylinder (punches, die, and spacer vertical surfaces) [50]:  
                                     }
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Nu                                  (2.6) 
where RaT,L is the thermal Rayleigh number and Pr is the Prandtl number.  RaT,L and Pr 
are given by [50]: 
                                          να
θθβ LgRa esTLT
3
,
)( −= , α
ν=Pr                                        (2.7) 
where g is gravitational acceleration, βT is the thermal expansion coefficient of air, ν is 
the viscous diffusivity of air and α is the thermal diffusivity of air.  NuL for a horizontal 
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plate with a hot surface facing down (bottom of die and bottom of upper spacers) is given 
by [50]: 
                                     4/1 ,27.0 LTL RaNu =   (3x105  < RaT,L < 1010)                            (2.8) 
For a horizontal plate with a hot surface facing up (top of die and top of lower spacers) 
NuL is given by [50]: 
                                      4/1 ,54.0 LTL RaNu =  (105 < RaT,L < 2x107)                              (2.9) 
Additionally, heat generated at interfaces due to contact resistance is given by [51]: 
                                             ecq
.
= J(φ1 - φ2) = σg(φ1 - φ2)2                                           (2.10) 
where J is the electric current flowing between interfaces, φ1 is the electric potential of 
one surface, φ2 is the electric potential of the other surface, and σg is the electrical gap 
conductance.  Details for the implementation as well as an extensive discussion for the 
presence and the estimation of contact resistances are given in [2].  The thermal gap 
conductivity for all contacts was determined by using the difference in die surface 
temperatures between experiments and simulation to calibrate a value.   
 
Both specimen and tooling materials exhibit a strong temperature dependence of the 
electrical and thermal conductivities which are accounted for in the simulation.  The 
properties of the graphite and tungsten are presented in Figure 2.4 and Table 2.2.  For 
present considerations of the thermal-electric model, it was assumed that density was 
constant (fully dense) in simulations with a compact to eliminate the effect of changes in 
properties due to sintering.  In practice the compact will initially be nearly non-
conducting and will gradually transition to higher conductivity as the density increases 
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over the course of the sintering cycle.  This is an important consideration that will be 
explored in Chapter 3. 
 
Simulations were run initially without contact resistances.  These results were compared 
to experimental measurements in order to obtain values for the thermal and electrical 
contact resistances in the system and calibrate the model.  After calibration the model 
was used in a study of the effect of pressure on contact resistance, as well as a parametric 
study of the punch and die geometries.  These simulations were carried out in order to 
quantify the role of each on the thermal-electrical gradients in the system as well as to 
maximize the machine performance with respect to maximum obtainable temperature and 
energy efficiency.  These simulations also served to validate the model.  For the tooling 
study one of the following parameters was varied while the rest of the system 
components had dimensions presented in Table 2.1: punch length 21.59 or 30.48 mm, die 
height 25.4 and 50.8 mm, and die diameter 44.45 and 63.5 mm (note: only punch length 
was tested experimentally). 
 
Temperature and DC current boundary conditions were applied as follows:  the stairway 
current profile (Figure 2.3) was applied to the upper copper electrode, while the lower 
electrode was grounded.  Effectively, the DC current of the machine is applied and does 
not include any pulsing.  The temperature was fixed along the midline of the top and 
bottom copper plates at 15oC to simulate the chilled water coolant.  The complete set up 
was considered axisymmetric and, including the compact, consists of 1832 nodes, and 
1552 DCAX4E elements (coupled thermal-electric).  Coupled thermal-electric analysis 
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procedure was used with an implicit integration scheme (ABAQUS Standard) with a 
maximum allowable temperature change per increment (DELTMX) of 10oC. 
 
2.4 Results and discussion 
 
2.4.1 Contact resistance calibration 
 
The results of the single punch experiment are used to calibrate the model’s horizontal 
contact resistance by comparing the results of simulations run without contact resistance 
to the experimental resistance measurements.  As can be seen in Figure 2.5, without the 
contact resistance, the model under predicts the total system resistance by ~16%.  This 
difference in electrical resistance (∆R) is due to the total contact resistance which is a sum 
of the contact resistances of the individual interfaces such that: 
                                         RRRRR PSpSpSpSpCuc −−− ++==∆ 222                                  (2.11) 
where Rc is the total contact resistance in the system, RCu-Sp is the electrical contact 
resistance at the copper electrode – graphite spacer interface,  RSp-Sp is the electrical 
contact resistance at the interface between the graphite spacers, and RSp-P is the electrical 
contact resistance at the spacer – punch interface.  The experimental runs across the 
individual interfaces were used to calibrate for the individual contact resistances.  Of the 
three types of interface, the only contact that had significant contact resistance (∆R 
between experiment and simulation prediction) was the copper – spacer contact (Figures 
2.6 - 2.8).  The spacer – spacer contact (Figure 2.6) and the spacer – punch contact 
(Figure 2.7), both involve an interface between graphite components that have very 
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smooth surface finishes.  It makes sense that the interface between the copper electrode 
and the graphite spacer which involves dissimilar materials has a higher contact 
resistance.  Furthermore since this set up is operated in air (no vacuum chamber) 
oxidation of the copper surface can further contribute to the contact resistance which is 
~10% of the total system resistance in the single punch run (Figure 2.8) and 7.3% of the 
total system of the dummy run. 
 
The results of the double punch run were used to calculate the contact resistance between 
the two punches (RP-P).  The total contact resistance for the double punch test is equal to 
Rc in equation 2.11 plus RP-P.  Since all unknown contact resistances were calibrated 
using the single punch test measurements, the only unknown becomes RP-P.  Simulation 
results showed that the punch – punch electrical contact resistance was found to be under 
predicted by the model by 28% and the resistance was ~11% of the total double punch 
test resistance (Figure 2.9).  The value found for the punch-punch contact resistance is 
most likely higher than the actual value.  Sources of error include slight punch 
misalignment during the experiments and degradation of the punch surfaces due to 
oxidation from reusing them at high temperatures in air.  
 
The calibration process was repeated for the dummy run experiment.  In this case the 
only remaining unknown electrical contact resistance is the vertical contact resistance 
between the punch and die (RP-D).  The punch – die electrical contact resistance was 
found to be ~10% of the total dummy run resistance (Figure 2.10).  Using the dummy run 
data it was also possible to calibrate the punch – die thermal contact resistance by 
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comparing simulation results with no thermal contact resistance to the experimentally 
measured die surface temperature.  Unfortunately there were issues obtaining reliable 
thermocouple data from the experiments which can be due to the interactions with a 
strong electric field so the only data available is from the pyrometer at temperatures 
>600oC.  Figure 2.11 shows that the model without thermal contact resistance gives a 
value 140oC lower then the experiment when the die is at 740oC.  Proper calibration of 
thermal contact resistance provides a good match between experimental data and model 
temperature predictions (Figure 2.11).  The thermal gap conductivity used had a 
temperature dependence that ranged linearly from 2.5 x103 (W/mK) at room temperature, 
to 7.5 x 103 (W/mK) at 1000oC, above which it was considered constant.   Results for all 
contact resistances are summarized in Table 2.2. 
 
Table 2.2.  Summary of contact resistances. 
Contact Cu-Spacer Spacer-Spacer Punch-Punch Punch-Die
Contact resistance (mΩ) 0.109 0.004 0.171 0.1
% of total system 
resistance in dummy run 7.3 0.27 11.4 6.6  
 
 
2.4.2 Pressure effect on contact resistance and thermal-electric gradients 
 
There was a clear difference in resistance of the three tests performed.  The resistance for 
the 15 MPa experiments was higher than the corresponding 32 MPa experiments by 19.5, 
17, and 18% for the single punch, double punch, and dummy run tests respectively 
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(Figure 2.12).  The tests at 15 MPa have a higher resistance since the contact is not as 
good as under higher pressure where there is greater deformation of surface 
roughness/asperities and subsequent increase in effective conducting area.  This has an 
effect on the temperature distribution in the system and it can be seen in Figure 2.13 that 
the temperature of the die surface in the die run ~20% higher for the 15 MPa run even at 
low temperatures (<250oC). 
 
Simulations were run using the calibrated model to check if the observed experimental 
trends could be duplicated numerically and to evaluate the effect of pressure on the 
distribution of temperature in the system.  To simulate to effect of changing pressure the 
contact resistance of the copper electrode – spacer interface was altered such that a higher 
contact resistance would indicate lower pressure.  Specifically, a copper-spacer gap 
conductivity at 20oC of 1.9788E+05 Ω-1m-1 was used to simulate low pressure and a 
lower contact resistance was used to simulate high pressure (copper-spacer gap 
conductivity at 20oC = 1.285E+06 Ω-1m-1).  The temperature contours in Figure 2.14 
show a clear difference between the two cases as more heating of the copper blocks and 
less heat is conducted away from the punch/die assembly due to the reduced gradient 
resulting from heating at the copper-spacer interface in the low pressure case.  
Experimental evidence of this “insulating” effect due to heating at contacts was 
demonstrated by Vanmeensel [37] who observed that by placing graphite foils at the 
contacts, the temperature difference between the sample and the die surface could be 
altered.  This results in more heating of the punches and die, and is reflected in a 2.5% 
difference in the die surface temperature at 1200oC as shown in Figure 2.15. 
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2.4.3 Thermal-electric tooling study 
 
Punch length study 
The experimentally measured system resistance along with the simulation prediction for 
the punch length test is shown in Figure 2.16.  The model follows the electrical response 
of the system quite well, indicating that the contact resistance calibration was adequate.  
The general distribution of electrical current and voltage is presented in Figure 2.17.  As 
expected, the system resistance is larger for the longer punch (30.48 mm), with the 
difference coming from the difference in lengths of the punches.  This leads to higher 
localized Joule heating in the longer punches which causes an increase in sample 
temperature compared to the shorter punch case (Figure 2.18).  This is reflected in a 
nearly 50% increase in the temperature gradient between the sample center and die 
surface for the longer punch (Figure 2.19). 
 
The tungsten compact, since it is considered full dense, offers a low resistance and allows 
the current to go through it throughout the run.  This is confirmed by Figure 2.17 that 
shows that the potential drop across the specimen is very small compared to the overall 
applied voltage.  Even for a fully insulating specimen the current flows around the 
specimen through the die which has a low resistance due to its large cross section 
compared to the punches.  
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Another important feature of the process is the larger transient temperature which occurs 
in the punches.  For example, under the present conditions, at the end of the heating ramp 
to 2000oC (sample center), the maximum temperature in the punches is 2528oC and 
2090oC for the 30.48 and 21.59 mm punches respectively (Figure 2.18).  Note that 
2500oC is approximately the temperature at which the graphite will begin to creep and 
this phenomenon is observed experimentally (Figure 2.20) when the die surface 
temperature reads ~2000oC via pyrometer.  Creep and subsequent deformation of the 
punches leads to loss of pressure transmission to the compact and could potentially lead 
to complete mechanical failure of the longer punch.  
 
The simulation results predicted quite well the temperature difference between the 
sample center and the die surface for both the short and long punch cases (Figure 2.19).  
Note that in Figure 2.19 and Figure 2.21 for the die surface, the experimental temperature 
data does not begin until the die surface is above 600oC, due to the limit of the pyrometer.  
The difference between sample center and die surface was slightly higher for the longer 
punch.  Furthermore, the presence of vertical and horizontal gradients is directly 
associated with the thermal losses: a) along the loading train towards the cooled platens 
and b) in the radial direction due to radiation and convective heat losses.   
 
The temperatures measured from the punch surface, die surface, and sample center were 
compared to the simulation results (Figure 2.21).  For the shorter punch, the simulation 
temperatures were all higher than the experimentally measured temperatures.  However 
they did have the same behavior in that all three temperatures were roughly equal from 
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the beginning of the run up to ~2 kA of applied current.  Past this point in the run the 
sample and punch temperatures remained roughly equal and increase at a higher rate than 
the die surface temperature.  In the experimental data the punch and die surface remain 
roughly equal while the sample temperature increases at a faster rate.  Possible sources of 
error in the short punch case include: uncertainty in the contact and or positioning of the 
thermocouple inside the sample, uncertainty of the exact location of thermocouples on 
die and punch surface (eg a large vertical thermal gradient exists on the punch surface, 
Figure 2.18), and determination of specific thermal contact resistances.  The data for the 
longer punch fit closely with the simulation results (Figure 2.21).  Both experiments and 
simulations have the same qualitative trend of: 
 Tsample center > Tpunch surf  > Tdie surf. 
 
Effect of die dimensions 
The results of the punch length study provided validation for the model and with 
confidence in the model, a numerical study of the effect of die dimensions (height and 
outer diameter) was performed as a design and optimization exercise.  These results are 
summarized in Figures 2.22 and 2.23.  Increasing the height of the die had the effect of 
increasing the amount of power required to reach a given temperature at the center of the 
sample (Figure 2.22).  This is due to the increased volume of material surrounding the 
punches and compact which can conduct away heat.  Increasing the die height reduced 
the temperature gradient between the sample center and the die surface (Figure 2.22).  
The height of the die also had a slight effect on the maximum transient temperature in the 
punches (Figure 2.23).  At shorter heights the punches are more exposed and lose heat 
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due to radiation.  When the die height is large, it encloses most of the punches and more 
current is apt to flow through the die, reducing the current density and subsequent Joule 
heating in the punches which lowers the maximum temperature. 
 
Simulations with varying die diameters showed that the die diameter has an effect on the 
power consumed by the system but its effect is weaker than that of the die height (Figure 
2.22).  The die diameter did however have a much larger effect on the temperature 
difference between the sample center and die surface (Figure 2.22).  This would be 
expected as with a larger diameter, the surface is further from the sample center so the 
temperature difference would be expected to be higher.  A larger die diameter increases 
the “insulation” of the system to lateral radiation losses.  At the same time the maximum 
transient temperature in the punches increases (Figure 2.23). 
 
Although the temperature difference between die surface and specimen can be accounted 
for, for control purposes, a large difference may imply possible temperature gradients 
inside the sample.   Therefore the minimization of the die surface-specimen temperature 
difference is of paramount importance, especially for scale-up for larger samples. Such 
reduction can be achieved by insulation of the surface of the die from radiation.  
Simulations show that this is quite effective in decreasing the temperature gradient 
between the sample center and the die surface, and reducing the power requirements 
(Figure 2.22). 
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2.5 Conclusions 
 
A coupled thermal-electric model accounting for conduction, radiation, and convection, 
was calibrated and validated using experimental data collected on a P2C machine.  
Contact resistances within the system were identified experimentally and values were 
estimated based upon FEM simulation results.  It was demonstrated that the contact 
between the copper electrode and graphite spacer has the highest contact resistance.  
Resistances outside the electrode assembly and at contacts within the assembly result in 
significant power loss that does not contribute to heating of the sample.  This inefficiency 
decreases the maximum temperature at which the system is able to sinter a compact. 
 
The calibrated model was used to study the effect of pressure on contact resistance and 
the resulting thermal-electric distributions in the system and predicted, at least 
qualitatively the experimentally observed trends of the role of pressure on temperature at 
the die surface.    The presence of contact resistances has a dramatic effect on the current 
and temperature distributions within the assembly which makes it difficult to 
experimentally determine the actual sintering conditions within the compact.  Through 
proper design and optimization it may be possible reduce the contact resistance by 
forming better contacts. 
 
A parametric study of the punch and die geometry further highlighted the sensitivity of 
the response of thermal and electrical distributions to changes in FAST system 
  
41
parameters.  These results demonstrate that although not necessarily numerically precise 
the proposed thermal-electric FEM framework can be used as a valuable design and 
optimization tool for FAST type processes.  The main limiting factor of the accuracy of 
this model is the assumption of fully dense material properties and static sample 
geometry which will be addressed in the next chapter. 
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Figure 2.4 Values of thermal and electrical conductivity for graphite and tungsten used in 
simulations.  Values are normalized by room temperature conductivity (Table 1). 
 
 
 
Table 2.3 Room temperature values of thermal and electrical conductivities of materials used in 
simulations. 
Material Property Value @ 20oC
Tungsten Thermal conductivity (W/mK) 162
AXF Graphite Thermal conductivity (W/mK) 119
ZXF Graphite Thermal conductivity (W/mK) 60
Tungsten Electrical conductivity (Ω-1m-1) 1.93E+07
AXF Graphite Electrical conductivity (Ω-1m-1) 7.29E+04
ZXF Graphite Electrical conductivity (Ω-1m-1) 5.38E+04  
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Figure 2.5 Experimental and finite element simulation resistance results for single punch calibration 
experiment.  Dashed line is simulation prediction without any contact resistance, and solid line is 
simulation prediction using calibrated electrical contact resistances.  
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Figure 2.6. Single punch test results of the resistance measured across the interface of two graphite 
spacers and corresponding finite element model prediction of a simulation without spacer-spacer 
contact resistance. 
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Figure 2.7 Single punch test results of resistance measured across the interface of a graphite spacer 
and the punch and the corresponding finite element model prediction of a simulation without spacer-
punch contact resistance. 
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Figure 2.8 Single punch test results of resistance measured across the interface of the upper copper 
electrode and a graphite spacer and the corresponding finite element model prediction of a 
simulation without electrode-spacer contact resistance.  Solid line represents simulation results after 
calibration of electrode-spacer electrical contact resistance. 
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Figure 2.9 Experimental and finite element model simulation resistance results for double punch 
calibration experiment.  Results represent resistance across the punch-punch interface only.  Dashed 
line is simulation prediction without any punch-punch contact resistance, and solid line is simulation 
prediction using calibrated punch-punch electrical contact resistances. 
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Figure 2.10 Experimental and finite element model simulation resistance results for dummy run 
calibration experiment.  Results represent resistance across the copper electrodes.  Dashed line is 
simulation prediction without any punch-die contact resistance, and solid line is simulation 
prediction using calibrated punch-die electrical contact resistances. 
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Figure 2.11 Experimental and finite element model simulation results for the temperature of the die 
surface (vertically centered) for the dummy run calibration experiment.  Dashed line is simulation 
prediction without any punch-die thermal contact resistance, and solid line is simulation prediction 
using calibrated punch-die thermal contact resistance. 
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Figure 2.12 Experimental resistance measurements for single punch (a), double punch (b), and 
dummy run (c) tests under applied pressures of 15 and 32 MPa.  Linear fits to the rather noisy 
experiments are shown here. 
  
51
0
50
100
150
200
250
0 100 200 300 400 500 600 700
Time (s)
Te
m
pe
ra
tu
re
 (o
C
)
Die surface 32 MPa
Die surface 15 MPa
 
Figure 2.13 Experimental die surface (vertically centered) temperature measurements for dummy 
run test under applied pressures of 15 and 32 MPa. 
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Figure 2.14 Finite element model temperature contours for dummy run test under a.) simulated high 
pressure (low contact resistance) case and b.) simulated low pressure (high contact resistance) case.  
Note that half the symmetric system geometry is shown for each case. 
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Figure 2.15 Finite element model predictions of the die surface (vertically centered) temperature for 
dummy run test under applied pressures of 15 and 32 MPa. 
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Figure 2.16 Comparison between experimentally measured system resistance and finite element 
model simulation predictions for runs with a tungsten sample and with 21.59 (a) and 30.48mm (b) 
punches. 
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Figure 2.17 Finite element results of electric potential (V) contours, and electric current density 
contours (A/m) for 21.59mm (A-B) and 30.48mm (C-D) punches (tungsten compact). 
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Figure 2.18 Finite element model results of temperature contours (degrees Celsius) for 30.48 and 
21.59mm punches (tungsten compact). 
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Figure 2.19 Finite element model simulation predictions of difference between sample center and die 
surface temperatures as a function of input current for short (a) and long (b) punch cases (tungsten 
compact). 
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Figure 2.20 Photograph of deformed 21.59 mm punch that crept during a FAST run with a final die 
surface temperature of 2000oC. 
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Figure 2.21 Experimentally measured temperatures and corresponding finite element simulation 
predictions for 21.59 (A-C) and 30.48mm (D-F) punches (tungsten compact). 
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Figure 2.22 Finite element simulation performance metric results for die diameter and die height 
tests at a sample center temperature of 1800oC.  Solid points represent simulations including 
radiation, and hollow points are simulation results with die wall radiation blocked (tungsten 
compact). 
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Figure 2.23 Summary of the effect of tooling geometry on the maximum transient temperature 
present in punches (tungsten compact). 
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CHAPTER 3: FULLY COUPLED THERMAL-ELECTRIC-SINTERING 
MODELING FRAMEWORK 
 
A fully coupled model for field activated sintering requires a sintering component to 
account for material densification, which is missing in the coupled thermal-electric model 
developed and presented in Chapter 2.  This chapter focuses on the development and 
integrations of a finite element sintering model into the existing thermal-electric 
framework with the end result being a unified model capable of predicting the sintering 
kinetics resulting from the direct application of electric current.  To explore the 
capabilities of this new model, a case study is presented which examines the effect of 
thermal properties on the electric field sintering of a compact of non-uniform initial 
density.  
 
3.1 Model set up 
 
A two part finite element approach was utilized to create a fully coupled model that 
incorporates thermal, electrical, and sintering phenomena.  The two modules consist of a 
fully coupled thermal-electric simulation and a sintering (thermal-displacement) 
simulation.  The temperature history resulting from an external current applied over a 
short time period ∆t, is calculated by a coupled thermal-electric simulation which 
considers a fixed specimen geometry.  This is used as an input to the sintering simulation 
which tracks the local relative density of the material and produces an estimate of the 
shape and volume evolution of the specimen during the same time period ∆t.  The 
updated mesh is fed to the thermoelectric simulation and the process is iterated.  In 
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addition, stresses at the end of each sintering iteration are stored to maintain continuity 
over time.  This also ensures that internal energy is conserved from simulation to 
simulation as density and the volume of the compact changes since the work from the 
previous time step is accounted for.  A schematic of the algorithm is shown in Figure 3.1.  
All finite element simulations were run using the commercial package ABAQUS.  
Details of the calibration of the thermal-electric finite element model can be found in 
Chapter 2.  
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Figure 3.1 Schematic of simulation algorithm. During a thermoelectric step the density is fixed.  If 
the time increment is adequately small the cascade of the alternating thermoelectric and sintering 
simulations is equivalent to a fully coupled simulation that takes into account all three phenomena. 
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3.1.1 Sintering model 
 
For sintering, under the assumption of a Newtonian law, the total strain rate can be 
expressed in the general form as: 
                                                  εεεε &&&& revvpstot ++=                                                        (3.1) 
where ε&s  and ε&vp  are the irreversible strain rate components and are the free sintering 
strain rate and the viscoplastic strain rate component respectively, and ε&rev  is the 
reversible strain rate component (includes elasticity and thermal expansion).  The 
coefficient of thermal expansion, α (1/K), had the following temperature (T) dependence: 
 
α = 0.31448201e-4 - 8.0038814e-9 T + 2.195423e-15 T3 + 8.1447949e-7(T½) - 
0.63037592e-5ln(T)                                                                                                        (3.2) 
 
Further, we can define ε&s  and ε&vp  as: 
                                                       I
K
ss ~
3
σε =&                                                                 (3.3) 
                                            q
G
I
K
Pvp
2
1~
3
+−=ε&                                                           (3.4) 
where σs is the sintering stress, K is the bulk viscosity, G is the deviatoric viscosity, I
~ is 
the identity tensor, P is the hydrostatic pressure, and q is the deviatoric stress tensor.  
Finally, substituting these quantities into 3.1 we can write the constitutive equation for 
sintering as follows: 
                                        εσε && revstot qGIK
P ++−=
2
1~
3
                                                  (3.5) 
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We chose to implement a phenomenological model of the type proposed by Kim and 
coworkers for free (pressure less) sintering [44, 52] and later developed for use for 
sintering under the application of external load [53].  In this model, the kinetics of 
densification are predicted using a model fitted from experimental data obtained from a 
sintering cycle consisting of a series of isothermal sequences.  The constitutive equations 
governing the sintering part of the fully coupled model are based on the work done by 
Bouvard [52, 54].  In this phenomenological model, the densification kinetics [52]: 
                                             ns TT ))()(( ρρε −Ω= ∞&                                                    (3.6) 
are predicted using a model fitted from experimental data obtained from a sintering cycle 
consisting of a series of isothermal sequences. In this equation, ρ∞(T) is the maximum 
relative density that can be reached at a given isothermal sintering step, and Ω(T) and n 
are fitting parameters as a function of temperature.  In this work model parameters were 
adapted from Bouvard’s work on tungsten carbide (WC).  For this work, n was assumed 
to be 1.1, and the following expressions for ρ∞(T) and Ω(T) were used: 
                                    
)
66
1317exp(1
7470.05356.0
T−+
+=)Τ(∞ρ                                          (3.7) 
                                                0)( =Ω T  ; T < 700oC                                                   (3.8a) 
                      TeeT 31285.24775.9)( −+−−=Ω  ; 700oC < T < 1100oC                    (3.8b) 
                       )
92.54
exp(13923.60024.0)( TeT −+=Ω  ; T > 1100oC                         (3.8c) 
This constitutive model is implemented in ABAQUS via a creep user subroutine to define 
the time-dependent viscoplastic material behavior.  Stresses calculated from the analysis 
along with the trial time increment (dt) are passed to the subroutine and used with the 
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constitutive model (eq. 3.5) to find the increment in creep strain.  Concurrently the creep 
strain is used to update the relative density at the end of each increment.  The total creep 
strain increment (∆ε) is defined by the user, which ABAQUS breaks into two 
components: ∆εcr is the deviatoric component of the creep strain increment, and ∆εsw 
(swelling) which is the hydrostatic component of the creep strain increment.  ∆εcr and 
∆εsw are given by:  
                                                              dt
G
qcr
3
=∆ε                                                     (3.9) 
                                                              dt
K
P
s
sw ⎟⎠
⎞⎜⎝
⎛ +−=∆ εε &                                       (3.10) 
 
The present case study considers only free sintering, i.e. the compact is not constrained in 
a die or under pressure.  The model presented here was implemented in ABAQUS in a 
way that can take into account elastic properties as functions of relative density.  The 
value of Young’s modulus determines the maximum stable time increment in the 
simulation, in addition to the elastic response of the material to internal stresses.  For the 
free sintering problem examined here, the elastic strains involved are very small (< 
0.01%).  For efficiency purposes we chose to implement fixed elastic properties for all 
densities.  For this specific problem results were rather insensitive to the value of 
modulus with ±1 order of magnitude of the values used.  Finally it was established that 
alternation between sintering and thermoelectric simulations every 5 seconds of process 
time provided adequate discretization of the problem.  The total sintering strain varied by 
less than 0.5% when 5 and 10 second intervals were compared.  The values used for the 
Young’s modulus and Poisson’s ratio were 5 GPa and 0.3 respectively. 
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3.2 Case study (2D) 
 
A 2-dimensional rectangle of 10 x 20 mm is considered in this set of simulations.  As a 
test case, a study of the effect of thermal diffusivity on the overall densification behavior 
was carried out.  Four case studies of different material composition were run to evaluate 
the proposed algorithm.  In all cases the sintered body consists of two layers of different 
initial relative density (RD0L=0.59 and RD0H=0.69) along the shorter dimension of the 
specimen with a ratio of thicknesses: tL/tH=4. The current is applied in two different ways 
so that the two layers are in series and in parallel configuration (layers stacked normal or 
parallel to the direction of applied current).  The two simulations were repeated with the 
thermal diffusivity of the material decreased by one order of magnitude (initial density 
configurations can be seen in Figure 3.2).  Such density and material gradients are 
possible by design (composites, functionally graded materials, etc.), or can result from 
die filling and pressing operations.  For this series of simulations the mesh consisted of 
100 four node elements (coupled thermal electric DC2D4E and plane strain CPE4 for 
sintering. 
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Figure 3.2 Initial finite element mesh for basic thermal-electric-sintering model case study showing 
initial relative density configuration (light color represents higher density and dark color represents 
low density material) and direction of applied current. 
 
 
The thermal-electric simulations are fully coupled, with the temperature history coming 
solely from heat generation due to Joule heating effects from the electric current profile 
input as a boundary condition.  The difference in specific heat between the two sets of 
samples necessitates an adjustment to the current input to achieve the same heating rate 
for all samples.  The initial current input was 11 x 105 Am-2 for the samples i and ii 
(higher thermal diffusivity), and 27 x 105 Am-2 for samples iii and iv (lower thermal 
diffusivity) after which the current was increased in a stepwise manner an a rate of 300 
A/min.  This generated a heating rate of ~105 oC/min for all samples.  The simulations 
were stopped when the material reached full density.  In the present simulations the only 
heat transfer mechanism considered is conduction within the sample.  The material 
properties are assumed to vary with temperature and relative density.  The temperature 
dependence of the thermal and electrical conductivity is presented in Figure 2.4 and 
Table 2.2, while the density dependence of thermal and electrical conductivity was 
assumed to evolve according to the following relationship: 
                                               )77exp(),77exp( −=−= ρσ
σρ
s
eff
s
eff
k
k                                  (3.11) 
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where, ρ is the relative density, and keff, ks, σeff, and σs, are the effective thermal 
conductivity, thermal conductivity of the fully dense material, effective electrical 
conductivity, and electrical conductivity of the fully dense material respectively.  The 
fully dense thermal and electrical conductivity are 162 Wm-1K-1 and 1.93 x 107 Sm-1 
respectively.  The heat capacity of the fully dense material is 200 Jkg-1K-1.  To achieve 
lower thermal diffusivity for samples iii and iv, the overall thermal conductivity function 
was decreased by a factor of 2, while the overall heat capacity was increased by a factor 
of five. 
 
3.2.1 Results and discussion 
 
The first issue to address is how the new thermal-electric-sintering model compares to a 
thermal-electric only model, and if there is any significant difference in the two models.  
The thermal-electric model (TE) was run with the 80% low density in series 
configuration.  The thermal-electric model properties are the same as the thermal-electric-
sintering model initially and they remain fixed at their starting values (no density 
dependence of material properties).  As can be seen in Figure 3.3, for this configuration, 
the fully coupled thermal-electric-sintering model captures the transition from insulating 
to conducting in nature as there is a sharp drop in the resistance as the material sinters.  
Whereas, the resistance in the thermal-electric only case continues to follow an 
increasing trend as the temperature increases.  The drop in resistance due to sintering 
reduces Joule heating and causes a decrease in the heating rate of the compact (Figure 
3.4).  This results in a significant final temperature difference between the two models of 
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~185oC.  It is important to note that this difference will be greater at higher temperatures.  
If the properties in the thermal-electric case had been assumed to be of the fully dense 
material it would be expected that an opposite trend would be observed in that there 
would be a greater temperature difference at lower temperatures.  The drop in overall 
sample resistance is similarly observed in all samples. 
  
For both cases of thermal diffusivity, the electric current density was uniform throughout 
the cross section in the series arrangement, whereas in the parallel case more current 
flows through the region of initially higher density due to the lower resistance of this 
region.  This difference in current path leads to differential heating and subsequent 
densification results depending on the thermal diffusivity.  The simulation predictions for 
the temperature histories of the sintering cycle are presented in Figure 3.6 for the four 
case studies.  In the series cases, heat is generated more in the lower density layer where 
the resistance is higher (Figure 3.5), whereas in the parallel cases heat is generated more 
in the high density layer first (Figure 3.5).  In the simulations with higher thermal 
diffusivity, preferential heat generation in a layer is quickly dissipated to the other layer, 
and the temperature throughout the sample remains mostly uniform (maximum ∆T<13oC, 
Figure 3.6) for both the series and parallel density arrangements throughout the run.  
While both layers densify at approximately the same rate (Figure 3.7), there is distortion 
of the compact’s geometry (Figures 3.8 and 3.9Figure 3.9) due to the differential 
shrinkage involved in going to full density from different initial densities.   
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The densification kinetics of the lower thermal diffusivity samples is governed by the 
intrinsic heat generation of each layer.  In these cases, the relative distribution of electric 
current is the same but the temperature gradient within the sample is much higher and a 
maximum ∆T of 105oC develops in the parallel case (Figure 3.6d), and a ∆T of 75oC in 
the series arrangement (Figure 3.6c).  In the parallel sample, the temperature is higher in 
the high density layer since heating is dominated by high current density.  In the series 
example, heating is dominated by the resistance of the material, and the higher 
temperature is present in the low density layer.  This effect is readily observed in the 
resulting densification of the sample (Figure 3.7 a and c and Figures 3.8-9).  Heat flux 
from the higher temperature low density layer to the low temperature high density layer 
results in a transient cooler band and lower density region in the middle of the specimen.  
The onset of densification is also sooner and the overall sintering process is shorter for 
the series arrangement since heating is taking place in a larger volume (the low density 
layer).  In the series case, the low density material sinters to full density before the high 
density layer begins to densify.  This differential densification results in significant 
distortion of the compact until the higher density layer begins to densify and “catches up” 
(Figure 3.7c) at which time the distortion decreases but remains present even when all 
material is fully dense due to the difference in the initial densities.  The parallel case 
follows a slightly different densification path.  In this case, the high density layer heats 
and densifies completely before the lower initial density layer sinters at all.  Since the 
high density layer is relatively thin (20% of the compact), a reversal of the distortion as 
sintering proceeds in the lower initial density layer (Figure 3.7).  In both these cases the 
temperature field homogenizes (Figure 3.6c,d) as the material densifies and the 
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resistances of each layer decrease and approach that of the fully dense material.  
Capturing this evolution in properties is the feature that has been missing from previous 
FAST simulations to date. 
 
In the extreme case when the heat conduction length scale is of the same order with the 
length scale of the higher density regime in the parallel series arrangement, it is 
conceivable that a self-accelerating heating situation may develop. In other words heat in 
the high density region which densifies quicker the material can not be dissipated and 
accelerated sintering by further increasing the local density of the material.  Raichenko 
[17] discusses in detail experimental observations of current localization in conductive 
powders along paths of least resistance and resultant heat generation which can result in 
the local heat to be high enough to melt the conductive material and result in “channels” 
of sintered material and leaves the rest of the specimen poorly sintered or not sintered at 
all. 
 
In this set of simulations with no external applied load and very small elastic 
contribution, the internal stresses come from differential densification rates of different 
portions of the model.  As such, the internal stress distributions (Figure 3.12 and Figure 
3.13) generally follow the same distribution patterns as temperature (Figures 3.10-11).  In 
general, areas of higher temperature densify at a higher rate, which results in differential 
stresses in adjacent layers due to the differing strain rates present in each layer.  This can 
be observed for the intermediate time step for the parallel configuration in Figure 3.13.  
At the end of sintering there is residual stress which is higher in the region that was 
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initially lower density due to the greater amount of “volume” change compared to the 
layer with higher initial density, and the distortion caused by this differential shrinkage.  
The relative densities of the intermediate time step for the parallel and series case with 
low alpha are presently separately in Figure 3.14 to highlight the fact that the direction of 
distortions are opposite for the two cases with respect to the original configuration. 
 
3.3 Numerical considerations 
 
This series of simulations required between 60-80 iterations  (120-160 FEM simulations) 
to complete which took approximately one hour to complete on a desktop PC running a 3 
GHz Pentium® 4 processor wit 2 GB of RAM.  This time includes the finite element 
analysis time as well as the overhead of data extraction and updating by a C-shell script 
which executes the algorithm. Simulations were run using 30, 10, 5, and 1 second 
iterations to evaluate convergence of the sintering algorithm.  Figure 3.15 shows the 
predicted average relative density evolution over time and Figure 3.16 shows the time to 
reach full density and required CPU time for each trial time step.  The solution appears to 
converge to a time to reach full density of 955 seconds.  One second iterations give the 
highest accuracy but the increase in computational time when changing from 5 to 1 
second iterations is greater than a five fold increase.  For this relatively simple case this 
equals a change from ~1 hour to 5.5 hour simulation times which is reasonable.  However 
with the intent to move forward with more complex simulations involving applied loads 
and contact conditions which drastically increase computation time it was decided that a 
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0.5% error in time to reach full density was acceptable and five second iterations were 
used.   
 
Time incrementation within the coupled-thermal electric simulations was determined by 
fixing the maximum allowable change in temperature per increment (DELTMX 
parameter in ABAQUS).  For these simulations a value of 5oC was used.  For the 
sintering simulations, implicit integration (ABAQUS Standard) was used to solve the 
equilibrium equations, while explicit integration was used for the creep subroutine to 
save computation time as it does not require iteration.  As such, the maximum allowable 
time increment was determined by the maximum difference in the creep strain increment 
calculated from the creep strain rates based on conditions at the beginning and on 
conditions at the end of the increment (CETOL parameter in ABAQUS).  In general it is 
suggested [51] that this tolerance be calculated by dividing an acceptable stress error by 
the elastic modulus.  Values over several orders of magnitude were evaluated with little 
to no observed effect, likely due to the relatively low stress levels present.  In this work a 
value of 2 x 10-8 was used as at values smaller than this the stable time step was reduced 
dramatically, while higher values offered little gain in computational efficiency. 
 
The elastic modulus was not found to have any appreciable effect on the predicted 
densification kinetics over several orders of magnitude of evaluated values (Figure 3.17).  
Increasing the modulus increases the magnitude of the predicted stresses, but not their 
distribution within the compact.  The magnitude of the stress, which is induced due to 
differential stresses from the different starting densities, is well below 1 MPa (roughly the 
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order of the “sintering” stress) for all except the highest modulus (50 GPa) where it 
increases to ~5MPa.  The modulus plays a role in the stable time increment used for the 
explicit integration used for the creep calculations (only the creep portion uses explicit 
integration and implicit integration is used for elastic stresses and the sintering simulation 
is run in ABAQUS Standard).  During analysis the time increment is proportional to the 
elastic strain increment and if at any time the creep strain increment is larger than the 
elastic strain increment the problem will become unstable.  Therefore it is possible to 
increase the rate of convergence by decreasing the modulus which was the justification 
for choosing a value of 5 GPa as it did not otherwise affect the results.  For each order of 
magnitude the Young’s modulus is increased results in a roughly three fold increase in 
stable time step.  For example with an elastic modulus of 0.5 GPa the stable time step is 
~0.12 seconds and the stable time step with an elastic modulus of 5 GPa is 0.04 seconds. 
 
3.4 Conclusions 
 
A fully coupled thermal-electric-sintering model has been developed and implemented 
for the simulation of electric field activated sintering processes.   A case study was used 
to illustrate that this new model successfully predicts relative density evolution due to 
sintering and subsequent distortions caused by non uniform initial density distributions 
and most importantly the evolution of material properties during the process.  For a 
conductive material, this evolution indicates a transition from insulating (thermal and 
electrical) behavior at the early stages of sintering to fully conducting as full density is 
approached.  This transition in properties was shown to have a profound effect on the 
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thermal-electric gradients present and subsequent kinetics of densification.  It was shown 
that variances in local densities and material properties (thermal diffusivity) can 
dramatically alter the overall sintering behavior of a sample.  This has severe implications 
for production of real green parts/powders with inhomogeneous initial density fields, as 
samples with the same average final density may have undergone drastically different 
thermal histories and have varying properties based on their starting state.  Additionally it 
was shown that these initial variances can result in preferential densification “paths”, 
along which high current will pass and sinter material locally.  Depending on processing 
parameters and sintering times this can result in compacts with heterogeneous 
microstructures and poor property performance.  Depending on processing parameters 
and sintering times this can result in compacts with heterogeneous microstructures, 
significant transient stresses and final distortion, and an overall poor performance.  Such 
phenomena are expected to be exaggerated in complex shape parts and need to be taken 
into account during design and optimization of electric current sintering operations.   
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Figure 3.3 Comparison of resistance results between thermal-electric and thermal-electric-sintering 
models.    
  
78
0
200
400
600
800
1000
1200
1400
1600
1800
0 200 400 600 800
Time
Te
m
pe
ra
tu
re
 (o
C
)
TE Only
TDE
 
Figure 3.4 Comparison of predicted temperatures for thermal-electric and thermal-electric-sintering 
models (results for high thermal diffusivity case so temperature of compact is uniform). 
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Figure 3.5 Electric current density (ECD, A/m2) contours from thermal-electric-sintering model for 
samples: 80% low density in series with high thermal diffusivity (A), 80% low density in parallel with 
high thermal diffusivity (B), 80% low density in series with low thermal diffusivity (C), and 80% low 
density in parallel with low thermal diffusivity (D).  Contours are representative of current 
distribution before any sintering takes place and are taken at t=300 seconds.  Note that the same 
current input was different from A and B to C and D. 
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Figure 3.6 Temperature histories of selected points for the four examples used in this study.  A is 
series sample with baseline thermal diffusivity.  B is parallel sample with baseline thermal diffusivity.  
C is series sample with reduced thermal diffusivity.  D is parallel sample with reduced thermal 
diffusivity.  Points for histories are identified in the inset mesh. 
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Figure 3.7 Relative density histories for the four examples used in this study.  A is series sample with 
baseline thermal diffusivity.  B is parallel sample with baseline thermal diffusivity.  C is series sample 
with reduced thermal diffusivity.  D is parallel sample with reduced thermal diffusivity. 
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Figure 3.8. Thermal-electric-sintering model results showing evolution of relative density contours 
(RD) and sample geometry at various stages of densification for samples with initial densities in series 
configuration.  Times correspond to points during the densification process identified in Figure 3.7. 
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Figure 3.9. Thermal-electric-sintering model results showing evolution of relative density contours 
(RD) and sample geometry at various stages of densification for samples with initial densities in 
parallel configuration.  Times correspond to points during the densification process identified in 
Figure 3.7. 
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Figure 3.10 Thermal-electric-sintering model results showing evolution of temperature contours (oC) 
and sample geometry at various stages of densification for samples with initial densities in series 
configuration.  Times correspond to points during the densification process identified in Figure 3.7. 
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Figure 3.11 Thermal-electric-sintering model results showing evolution of temperature contours (oC) 
and sample geometry at various stages of densification for samples with initial densities in parallel 
configuration.  Times correspond to points during the densification process identified in Figure 3.7.  
Compressive pressures correspond to a negative (-) sign. 
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Figure 3.12.  Thermal-electric-sintering model results showing evolution of hydrostatic pressure 
contours (MPa) and sample geometry at various stages of densification for samples with initial 
densities in series configuration.  Times correspond to points during the densification process 
identified in Figure 3.7.  Compressive pressures correspond to a negative (-) sign. 
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Figure 3.13.  Thermal-electric-sintering model results showing evolution of hydrostatic pressure 
contours (MPa) and sample geometry at various stages of densification for samples with initial 
densities in parallel configuration.  Times correspond to points during the densification process 
identified in Figure 3.7. 
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Figure 3.14 Comparison of intermediate (time=t2) relative densities for low alpha specimens.  Parallel 
case is rotated 90o counter clockwise to illustrate the effect of initial density configuration on 
resulting distortion compared to the series configuration.  
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Figure 3.15. Convergence study of predictions from thermal-electric-sintering algorithm of 
densification kinetics for the 80% low density in parallel case (higher thermal diffusivity). 
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Figure 3.16.  Thermal-electric-sintering model convergence data for 80% low density configuration. 
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Figure 3.17.  Simulation predictions of densification kinetics for 80% low density material in parallel 
with three values of elastic modulus. 
  
92
CHAPTER 4: APPLICATION OF FULLY COUPLED THERMAL-ELECTRIC-
SINTERING MODELING FRAMEWORK 
 
4.1 Introduction 
 
In this chapter the development of the thermal-electric-sintering model will be finalized 
for application to FAST type processes, and is a direct extension of the model introduced 
and presented in Chapter 3.  The main aim is to address the simulation of a full three 
dimensional FAST system including applied external load(s) and interactions with the die 
and punches.  Simulating an actual FAST system has several key differences from the 
basic free sintering case study that need to be addressed.  Foremost is the inclusion of 
application of load to a compact that is constrained in a die.  Externally applied stresses 
and boundary conditions such as friction between compact and die wall create drastically 
different internal stress fields within the compact than in free sintering.  This is of 
particular concern for non cylindrical geometries where stresses and densification will 
always be non-uniform.  Additionally, the presence of tooling has important ramifications 
in itself in that non uniform thermal-electric gradients will develop due to the punches 
and die providing (heat source) and/or conducting heat away (heat sink) from the sample 
as already seen in the earlier thermal-electric model.  Thermal gradients within an 
otherwise uniform compact (with respect to initial relative density) will result in 
differential densification rates within the sample, which as shown in Chapter 3, are likely 
to further exaggerate the problem.  To that end, two examples will be explored using the 
thermal-electric-sintering model to predict thermal-electric gradients along with density 
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evolution in a regularly shaped cylindrical compact (nearly uniform internal stress), as 
well as an irregularly shaped compact (strongly non-uniform internal stress).  
 
4.2 Model set up  
 
The present model combines the system level thermal-electric finite element model 
presented in Chapter 2 (including the temperature dependent properties of the tooling and 
sample, calibrated contact resistances, etc.), and the sintering model developed in Chapter 
3 (including the density dependent material properties).  Examples analyzed here are 
axisymmetric but extension to 3D is not constrained by anything else than computational 
power demands that are common to 3D problems.  Of note is that the thermal-electric 
portion accounts for conduction, convection, and radiation, where the thermal-electric-
sintering model in Chapter 3 only considered conduction within the compact.  The 
constitutive equations for sintering (and their implementation in the creep subroutine) are 
unchanged and the coupling algorithm is identical to the one presented in Figure 3.1.  In 
the 2-D case in Chapter 3 the same finite element mesh was utilized for both the thermal-
electric and sintering simulations.  The thermal-electric portion of this model includes the 
full FAST assembly (mesh shown in Figure 4.1).  To increase the computational 
efficiency for the sintering simulation only the geometry and mesh of the compact was 
considered (Figure 4.2).  As such, for the sintering simulations the punches and die were 
considered as rigid surfaces and corresponding boundary conditions were applied as 
would be present in the full set up.  Namely the bottom punch and die were fixed in 
position while the top punch was allowed to move freely in the vertical direction.  The 
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external load was applied directly to the top punch.  After each sintering iteration, the 
vertical positions of the system components (top punch, upper spacers, and upper 
electrode) in the thermal-electric simulation were updated corresponding to the 
displacement caused by application of load and/or shrinkage due to sintering of the 
compact.   
 
The addition of external applied loads to a sintering body requires that we define the 
viscoplastic strain rate defined in equation 3.3.  For this we need to define the bulk 
viscosity (K), and the deviatoric viscosity (G).  K and G can be defined as follows [54]:  
 
                                                       
)21(3 ν
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zK −=                                                        (4.1) 
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zG −=                                                           (4.2) 
where ηz is the axial viscosity and νvp is the viscous Poisson ratio.  Experimental 
determination of ηz and νvp involves the application of a small axial load via an 
extensometer during sintering.  For this work, the following relative density (ρ) 
dependent empirical relationships were used which were obtained from data adapted 
from the work done on WC-Co by Gillia and coworkers [54]: 
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4.2.1 Component and sample geometries 
 
Three sample geometries were considered for exploration of thermal-electric gradients 
and sintering kinetics (Figure 4.2).  The first is a cylinder with a diameter of 25.4 mm 
(1”) and height of 9.62 mm (0.38”).  The second is a sample with reduced symmetry (no 
symmetry about x-axis), to induce non-uniform stresses, and is the combination of a cone 
and a cylinder formed by having a convex conic bottom punch and a flat upper punch 
(Figure 4.2).  In this sample the angle of the cone is 120 degrees, the diameter is 25.4 mm 
(1”), h1 is 14.66 mm (0.58”), and h2 is 7.33 mm (0.29”).   The final sample is an inverted 
cone that is a “reverse” of the second sample. 
 
4.2.2 Boundary conditions 
 
The coupled thermal-electric simulation used a stepwise electric current as input, which 
is shown in Figure 4.3.  Contact resistances were those used in the thermal-electric model 
in Chapter 2.  The mid plane of both the upper and lower copper electrodes were fixed at 
15oC since they are cold water cooled.  In the sintering simulations the die and bottom 
punch were fixed in place, while a fixed load of 5 MPa was applied to the top punch 
which was permitted to displace vertically.  A friction coefficient of 0.15 was used 
between the compact and the punch/die surfaces.  The initial relative density was uniform 
0.59 through the sample. 
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Figure 4.1 Cut away of axisymmetric finite element mesh used for coupled thermal-electric 
simulations showing location of applied current. 
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Figure 4.2 Axisymmetric finite element mesh and dimensions of the two compacts (cut away 
displayed for visualization purposes only) used for both the coupled thermal-electric simulations and 
sintering simulations.  External loads are applied by rigid surfaces. 
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Figure 4.3 Electric current input profile, I(t), used in the present thermal-electric-sintering 
simulations.
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4.3 Results and discussion 
 
4.3.1 Thermal-electric vs. thermal-electric sintering model (cylinder) 
 
The results of the thermal-electric-sintering model were compared to results generated by 
the thermal-electric model developed and presented in Chapter 2 to observe if there were 
in fact any appreciable differences in the predictions of the two models for the cylindrical 
compact.  For the model without sintering, the material properties were assumed to be 
that of the fully dense material as this was the convention used in prior published work on 
FAST modeling [15, 37, 42, 55].  Generally the result of most concern is the horizontal 
gradient that develops between the die surface and the center of the compact (for reasons 
of knowing the actual sintering temperature and process control issues discussed 
previously).  The predictions of the temperature difference history (compact center – die 
surface) for the models with and without sintering are shown in  Figure 4.4, while the 
history of the temperature difference across the radius of the compact  (compact center – 
compact edge) is shown in Figure 4.5.  The maximum differences between the compact 
and die are 272oC and 241oC for the models with and without sintering respectively. The 
difference between the compact center and die surface is always greater in the model that 
includes sintering.  The modeling results of Zavaliangos et al. [15] under predicted the 
temperature difference between the sample center and the die surface compared to 
experimental results.  These new simulation results demonstrate that including sintering 
phenomena pushes the modeling predictions closer to what would be experimentally 
expected, and is an indication of improved accuracy gained by going to such a model. 
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While the temperature difference between the compact and die is of concern for process 
control related issues, the temperature distribution across the compact is of far more 
importance to actual sintering conditions and controlling overall final part quality and 
performance.  The thermal-electric-sintering model results predict a maximum 
temperature difference across the radius (25.4mm) of the compact of 100oC, while the 
thermal-electric model predicts a maximum difference of 42oC (Figure 4.5).  In the 
coupled thermal-electric analysis, the temperature difference across the compact 
increases monotonically over the entire cycle.  The model with sintering predicts an 
increasing difference across the compact that is higher than the thermal-electric only 
model, but a peak difference occurs as the material begins to sinter.   
 
The evolution of the electric current distribution within the punch/die/compact assembly 
during sintering is presented in Figure 4.6.  The resistance of the compact is lower than 
that of the graphite die which results in a slightly higher current density through the 
compact.    The punches have the highest current density because of the large reduction in 
cross sectional area and as such have the highest temperatures as discussed in Chapter 2.  
The Joule heating is roughly equal in the compact and the die due to the tradeoff between 
higher current density in the sample and higher resistance of the die.  The current density 
at the center of the compact and the edge (adjacent to die) is also roughly equal (Figure 
4.7), resulting in uniform Joule heating throughout the sample.  The current density is 
slightly higher next to the die wall due to a small amount of current entering from the die.  
The compact, however, receives heat through conduction from the punches on the top 
and bottom surfaces, while it loses heat to the die which loses heat through conduction 
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and radiation to the environment.  The net effect of this heat flux is the compact being 
hotter at the center and cooler at the edge of the compact (Figure 4.8).  Although the 
temperature is higher in the center, the hydrostatic pressure is higher next to the die wall 
(Figure 4.9) which counteracts the lower temperature resulting in nearly uniform 
densification rates throughout the sample (Figure 4.10).  As the cycle progresses and the 
material sinters, the difference between the thermal-electric and thermal-electric-sintering 
model is reduced as the material reaches full density and approaches the result of the 
thermal-electric simulation (fully dense properties).  It would be expected that the initial 
sintering of top/bottom layers of the compact due to contact with the high temperature 
punches would play a larger role in the subsequent gradients and densification kinetics in 
a material with reduced thermal diffusivity. 
 
Prior to the thermal activation of sintering, the stress comes only from the applied 
external load and is uniform in the case of the cylindrical compact.  When sintering is 
active the stress is no longer uniform and the distribution of stresses is determined by 
differences in the local material state (i.e. density) and differential densification rates 
caused by non-uniform thermal distributions within the compact.  The distribution of 
hydrostatic pressure is shown in Figure 4.9 for three time steps during which sintering is 
active.  The pressure is higher in the region closer to the die wall.  This region densified 
at the same rate as the hotter internal material even though the center was always hotter 
(by as much as100oC), which highlights the need for a coupled model that can account 
for stresses due to sintering. 
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In the thermal-electric simulation the thermal and electrical gradient are symmetric 
vertically about the center line of the compact throughout the course of the simulation.  
The introduction of densification and punch motion due to compact shrinkage to the 
model, leads to the presence of asymmetric gradients (Figure 4.11) and is another 
important discordance between the thermal-electric-sintering and thermal-electric 
models.  As the compact sinters, the upper punch moves down creating more contact area 
with the die.  This reduces the current density in the upper punch as more current is able 
to pass into the die which reduces the amount of heat generated in the punch. 
 
4.3.2 Conical compact results 
 
The geometries of the compacts shown in Figure 4.2 were chosen to explore the 
densification kinetics of FAST samples under the influence of a non-uniform applied 
stress field within the specimen.  Any non-regular geometry with have non-uniform 
internal stresses present, and in this case the evolution of the stress field is shown in 
Figure 4.12 and Figure 4.13 for the convex and concave cone samples respectively.  In 
addition to the effect of geometry on stress, there is also an effect on electric current 
distribution.  The direction and magnitudes of the initial electric current density in all 
three samples is shown in Figure 4.14.  In all cases the electrical conductivity of the 
material is higher than the surrounding graphite even at low densities, so little current 
travels into the die around the specimen.  As such, the current is nearly uniform in the 
geometrically uniform cylindrical specimen.  In the conical samples, however, the 
geometry of the compact changes the current path in the system (Figure 4.15 and Figure 
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4.16.  In the case of the convex specimen, the current flows inwards towards the center of 
the compact which results in a higher current density in the center compared to the outer 
surface adjacent to the die wall (Figure 4.15).  A drop in the current density as the 
material densifies is also observable.  Coupled with the gradients present to heat transfer 
from the punches and to the die (as previously discussed), a larger temperature gradient 
develops across the specimen than in the cylindrical case.  
 
For example, in the convex cone sample, a significant horizontal temperature difference 
develops between the sample center and the die surface and across the radius of the 
compact (Figure 4.17).  A maximum temperature difference across the sample of 225oC 
develops, while a maximum difference between the sample center and die surface of 
465oC develops.  As in the cylindrical case the temperature difference decreases as the 
compact densifies but a significant gradient still persists even when the sample is nearly 
fully dense due to geometrical effects.  In the cylindrical case the temperature difference 
was much less and although a density distribution was present, it was generally not more 
than 3-4% variation, whereas the higher temperature differential coupled with the stress 
distribution leads so areas of near fully dense material while there is still large volumes of 
material that has yet to sinter (RD=0.59) as the compact is essentially heated from the 
center out. Figure 4.18 shows the evolution of density and temperature distributions at 
three different time intervals.   
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In the concave cone, the electric current density (Figure 4.14 and Figure 4.16) is much 
more uniform and the current has a tendency to flow from the inside out (opposite of 
convex cone).   
 
The net effect of temperature and stress on local densification kinetics is shown in Figure 
4.20 for the convex cone and in Figure 4.21 for the concave cone for selected points 
within the compact.  In the convex cone specimen, the material in the center (apex of the 
cone) densifies first as it is at the highest temperature.  The material in contact with the 
die is cooler and displays different behavior.  The material in contact with the bottom 
punch has a higher stress and densifies next. While material next to the die wall and 
closer to the upper punch remains at lower density is the last to densify because of the 
combination of low stress and low temperature.   
 
The concave cone exhibits different densification kinetics when compared to the convex 
cone.  In this case the material also begins to sinter first as this is the hottest portion of the 
compact.  However, it takes nearly 30% longer for sintering to activate in the concave 
cone than in the convex cone due to the different heating characteristic present due to 
geometrical effects on current distribution.  Once sintering is active, the compact as a 
whole densifies more uniformly than the convex cone, since the current density is more 
uniform.  Also in this case, the material that sinters in the middle creates a “plug” that 
takes more of the applied load (Figure 4.13).  This generates a region of higher 
hydrostatic pressure in the center while the out side is at lower pressure and lower 
temperature further reducing the kinetics of sintering of the material near the die wall. 
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4.4 Conclusions 
 
A fully coupled thermal-electric-sintering model has been developed and implemented to 
simulate a compact under applied external load in a complete FAST system.  The results 
indicate a significant difference in the overall thermal-electric response when including 
densification kinetics and associated changes in thermal-electric properties when 
compared to model results that consider only thermal-electric phenomena.  It was shown 
that the introduction of geometrical effects on current paths and the internal stress fields 
couple with thermoelectric gradients to alter to the densification kinetics of the specimen 
and are critical in determining final overall part uniformity and quality. 
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Figure 4.4 Predictions of the difference between the compact center temperature and the die surface 
temperature histories (oC) for finite element simulations with (TDE) and without (TE) sintering with 
cylindrical compact. 
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Figure 4.5 Finite element model predictions of the difference between the compact center 
temperature and the temperature of the edge of the compact (adjacent to die wall) histories (oC) for 
simulations with (TDE) and without (TE) sintering with cylindrical compact. 
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Figure 4.6 Evolution of electric current density (ECD, A/m2) distributions within the 
punch/die/compact assembly for the thermal-electric-sintering model with cylindrical specimen (half 
model shown). 
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Figure 4.7 Electric current density (A/m2) histories for indicated locations within the cylindrical 
compact.  
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Figure 4.8 Evolution of relative density (RD, left) and temperature (oC, right) contours taken at three 
time steps (half the compact shown for visualization with the left edge acting as the axis of 
symmetry).  The top contours (t=645s) correspond to the very initial stages of sintering, the middle 
contours (t=676s) are during sintering, and the bottom contours (t=840s) represent the material near 
the very end of sintering (all material near fully dense). 
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Figure 4.9 Thermal-electric-sintering model results showing the evolution of the hydrostatic pressure 
(MPa) contours within the cylindrical compact (cut away shown for visualization) at three times 
during active sintering.  Positive pressure indicates compression. 
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Figure 4.10 Relative density histories for indicated locations within the cylindrical compact.
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Figure 4.11 Comparison of temperature contours (oC) at t=840s for thermal-electric (left) and 
thermal-electric-sintering (right) models (half model shown for visualization with the left edge acting 
as the axis of symmetry). 
t=645s
t=610s
t=0
 
Figure 4.12 Thermal-electric-sintering model results showing the evolution of the hydrostatic 
pressure (MPa) contours within the convex cone compact including initial state (only external load) 
and at two intermediate times during active sintering. 
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Figure 4.13 Thermal-electric-sintering model results showing the evolution of the hydrostatic 
pressure (MPa) contours within the concave cone compact including initial state (only external load) 
and at two intermediate times during active sintering. 
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Figure 4.14 Initial electric current density indicating magnitude and direction of resultant vectors  
for a) cylindrical specimen, b) convex cone specimen, and c) concave cone specimen (half models 
shown).  Black line indicates symmetry axis. 
  
117
0.E+00
1.E+06
2.E+06
3.E+06
4.E+06
5.E+06
6.E+06
0 200 400 600 800
Time (s)
El
ec
tr
ic
 c
ur
re
nt
 d
en
si
ty
 (A
/m
2 )
Element 31
Element 50
50
31
 
Figure 4.15 Electric current density (A/m2) histories at selected positions as indicated for convex cone 
specimen.  
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Figure 4.16 Electric current density (A/m2) histories at selected positions as indicated for concave 
cone specimen.  
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Figure 4.17 Finite element model predictions of the difference between the compact center 
temperature and the temperature of the edge of the compact (adjacent to die wall), and the 
temperature difference between the compact center and the die wall histories (oC) for simulations 
with conical compact. 
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Figure 4.18 Evolution of relative density (RD, right) and temperature (oC, left) contours for convex 
cone specimen taken at three time steps (half the compact shown for visualization with the left edge 
acting as the axis of symmetry).  The top contours (t=540s) correspond to the very initial stages of 
sintering, the middle contours (t=610s) are during sintering, and the bottom contours (t=695s) 
represent the material near the end of sintering (material nearly fully dense). 
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Figure 4.19 Evolution of relative density (RD, right) and temperature (oC, left) contours for concave 
cone specimen taken at three time steps (half the compact shown for visualization with the left edge 
acting as the axis of symmetry).  The top contours (t=657s) correspond to the very initial stages of 
sintering, the middle contours (t=688s) are during sintering, and the bottom contours (t=713s) 
represent the material near the end of sintering (material nearly fully dense). 
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Figure 4.20  Thermal-electric-sintering model predictions of densification kinetics at selected points 
within the convex cone compact. 
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Figure 4.21 Thermal-electric-sintering model predictions of densification kinetics at selected points 
within the concave cone compact. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
5.1 Conclusions 
 
We have developed and implemented a finite element model for electric field assisted 
sintering that fully couples thermal, electric, and sintering phenomena.  This model is 
based on an experimentally calibrated thermal-electric model integrated with a 
phenomenological sintering model.   
 
This model was used to predict local sintering kinetics and the resulting effect on 
thermoelectric fields by accounting for dramatic changes in material properties that occur 
upon densification of a conductive compact.  It was shown that this model offers 
significant improvement in temperature predictions over prior models for FAST type 
processes and contributes additional insight into the influence of densification on the 
evolution thermoelectric gradients within the compact and overall system.   
 
A 2D case study was used to demonstrate the role of initial density distributions and 
material properties on thermoelectric gradients and sintering kinetics in a compact under 
free sintering conditions.  It was shown that if the material has high thermal diffusivity 
the temperature of the compact will be nearly uniform.  If the material has lower thermal 
diffusivity, significant temperature gradients can develop with the magnitude of the 
gradient depending on the relative distribution of density.  For example, if the initial 
densities were arranged in parallel the ∆T across the sample was 105oC, while a series 
configuration generated a ∆T of 75oC under this given set of test conditions.  Another 
  
125
phenomena observed with this case study was the development of preferential sintering 
paths.  If the material is arranged in parallel the electric current will flow mostly through 
the high density region due to lower resistance.  This results in preferential heating in the 
high density layer.  If the thermal diffusivity of the material is low enough, this heat is 
not readily dispersed to the rest of the compact and the material with the higher initial 
relative density will sinter first (~6% faster).  In the series case, the opposite occurs as the 
electric current density is uniform through the compact.  The result is higher heating and 
faster sintering in the region with lower initial relative density die to its higher resistance. 
 
The thermal-electric-sintering model was used to predict thermoelectric distributions, 
stress distributions, and sintering kinetics in a complete FAST system with both 
cylindrical and non-cylindrical compact geometries.  This work is the first to consider 
non-cylindrical compact geometry in the modeling of a FAST type process.  It was 
shown that the predictions of the fully coupled model deviate more from the predictions 
of a thermal-electric only model when considering geometrically non-uniform compacts.  
In the net shape case there is a non-uniform stress distribution within the compact under 
the application of external load in addition to geometric effects on the distribution of 
electric current.  The stress field couples with the complex thermoelectric distribution to 
determine the local sintering kinetics which are driven by the combination of local 
temperature (thermal activation) and local stress state.  Accounting for this three way 
coupling in the modeling framework is critical. 
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In addition to the work carried out with the fully coupled sintering model, several studies 
were conducted to understand and optimize the FAST process with respect to several 
system parameters and provide validation for the thermal-electric portion of the fully 
coupled model.  Contact resistances of individual contacts were measured 
experimentally.  It was found that the contact between the copper electrodes and graphite 
spacers had the highest contact resistance and was 10% of the total system resistance in 
experiments with a single punch.  A pressure dependence of contact resistance was 
shown using the model and confirmed experimentally which indicated that reducing the 
pressure from 32 to 15 MPa can raise the surface of the die surface by ~20%.  A 
parametric study of tooling geometry was also conducted as part of model validation.  It 
was found that the length of the punches is crucial in determining the maximum transient 
temperatures present and it was found that the temperature in the punch can be higher 
than the sample temperature by as much as ~25%. This indicates the punches can reach 
critical levels where deformation will occur through creep. 
 
5.2 Future work 
 
Ideally the phenomenological model used in this work needs to be calibrated under 
conditions closer to the actual processing conditions actually encountered.  
Phenomenological models work very well within a given “window” of the calibration 
conditions which in the FAST case the most important would include heating rate and 
material (including particle size and distribution, grain size, composition, etc.).  The 
original model as presented by Bouvard et al. [52] used heating rates in the range of 2-6 
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K/min, which is orders of magnitude below the typical 500-1000 K/min used in FAST 
processing.  Thus calibration on an instrumented FAST system would be highly 
recommended but will provide several key challenges.  One is the issue of temperature 
control and measuring of the specimen.  As shown through this work the temperatures in 
the system are often transient thus steady state temperature measurements will be 
difficult.  Additionally the presence of the die makes direct temperature measurements of 
the compact difficult.  One possible solution would be the use of a lightly pre-
consolidated compact that has enough strength to be maintained in between the punches 
without a die under a light load, which would allow a pyrometer to be focused directly on 
the sample.  If the sample geometry is chosen carefully, such as a cylinder with a large 
radius to height ratio it should be possible to ensure a uniform temperature   
 
Experimental results included within this thesis have been used to validate the thermal-
electric model and used solid or previously consolidated specimens to remove the effect 
of densification on thermal-electric phenomena.  With the fully coupled thermal-electric-
sintering model established it is necessary to perform experimental validation for the 
numerical predictions including sintering.  Validation is needed to verify the accuracy of 
the model and determine its domain of applicability prior to using the model for design 
and optimization studies.  Validation in this case requires more data than the thermal-
electric case, as accurate experimental measurements are needed of temperatures, 
displacements, and local density/microstructure analysis.  An obvious validation 
experiment would to be to use compacts with the geometries presented in Chapter 4 and 
running FAST experiments to various process times and checking the density of the 
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compact along with the local densities.  Possibilities for local density measurements 
include correlation with microhardness values [56].   
 
Due to the rather limited scope of the phenomenological model used in this work 
alternate sintering models should be explored for suitability to modeling this problem.  
Using another constitutive model in the current FEM framework is rather straightforward.  
For instance a micromechanical model could be developed and used to account for 
additional phenomena that would impact design criteria such as grain growth, anisotropy 
induced due to loading [57], or electroplastic effects.  The drawback to more “advanced” 
constitutive models is that they will require more (possibly many) experiments for 
calibration. 
 
In this work, axisymmetric meshes were used for the simulation of FAST systems, but 
there is nothing preventing the extension of the thermal-electric-sintering model to 3D 
other than the associated computational cost.  This is of importance to modeling and 
optimization of scale up efforts to larger and more complex specimen geometries where it 
is desirable to conduct as mush process design as possible numerically.   
 
Another facet of electric field assisted sintering not covered within the scope of this thesis 
is the effect of electric current on sintering.  This is the subject of much debate and 
requires attention to determine what role (if any) the electric field (including pulsing) 
plays in the so called “activation” of sintering in this process.  Answering this 
fundamental question is paramount in furthering progress in this field.  Systematic 
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experimental work needs to be completed to verify enhanced sintering kinetics over 
traditional sintering techniques.  One possible experiment would entail the use of 
partially insulated punches to control flow of current through a compact.  The idea being 
that the entire sample experiences the same thermal history but only a portion of the 
sample is exposed to electric current by using a ceramic insert or coating on part of the 
punches.  The key challenge is ensuring that the thermal history is in fact the same for all 
regions.  If a relatively thin specimen is used the temperature can be maintained uniform 
through the cross section.  Modeling tools can be used to optimize sample geometry with 
respect to temperatures.  
 
Existing modeling tools are available to address issues such as local fields and local 
temperature increases due to electric current (including pulsing) on the particle level such 
as the multi-particle finite element model (MPFEM) proposed by Zavaliangos and co-
workers [2, 58].  For example, this model could be used to determine the increase in local 
potential drops across particle interfaces due to the presence of dielectric (oxide) layers 
on metallic powders.  A modeling approach coupled with an experimental design would 
be a welcome addition to the body of knowledge on electric field assisted sintering.  
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